Languages differ widely in the size of their vowel inventories; however, cross-linguistic surveys indicate that certain vowels and vowel system configurations are preferred. A cross-linguistic comparison of the acoustic vowel categories of two languages that differ in vowel inventory size, namely, English and Spanish, was performed in order to reveal some of the language-specific and/or universal principles that determine the acoustic realization of the vowels of these two languages. This comparison shows that the precise location in the acoustic space of similar vowel categories across the two languages is determined, in part, by a language-specific base-of-articulation property. These data also suggest that the relatively crowded acoustic vowel space of English may be expanded with respect to the relatively uncrowded acoustic vowel space of Spanish; however, this effect is variable depending on the syllable context of the English vowels. Finally, the data indicate no difference in the tightness of within-category clustering for the large versus the small vowel inventory.
INTRODUCTION
Surveys of segment inventories indicate cross-linguistic preferences for certain vowels and for certain vowel inventory configurations. For example, in a survey of 317 languages, Maddicson (1984) finds that vowel inventories in this sample vary from having three to fifteen distinct vowel qualities, with two-thirds of the languages having between five and seven distinct vowel qualities. Additionally, the specific vowels that comprise these statistically preferred vowel inventories tend to be the same. For example, five-vowel systems tend to have/i,e,a,o,u/, seven-vowel systems tend to have these five vowels plus/e/and/o/, and six-vowel systems usually have/i,e,a•,o,o,u/. Furthermore, the vowel inventories of the vast majority of the world's languages include the three vowels that define the extremes of the general vowel space, namely/i,a,u/. Accordingly, these three vowels are known as the "point vowels," and have been afforded a special status in theories of vowel systems.
These cross-linguistic tendencies have led to the hypothesis that there are constraints on possible speech sounds and their cooccurrence, which have their source in general linguistic, or physical (i.e., auditory and articulatory) constraints. However, the exact nature of these constraints and their interaction that produces the observed inventories is not yet fully understood. This study is thus motivated by a general interest in the effect of inventory size on the acoustic vowel spaces of different languages, and in how this effect might reveal some of the universal and/or language-specific constraints leading to the observed patterns in sound inventories of the languages of the world. Specifically, this paper explores the effect of inventory size on the acoustic realization of vowels in a language with a relatively large vowel inventory, General American English, and in a language with a relatively small vowel inventory, Madrid Spanish. 
I. GENERAL APPROACHES TO THE STUDY OF VOWEL INVENTORIES
Previous work has led to the development of several theoretical positions regarding the structure of vowel systems. Dispersion theory (DT) claims that speech sounds are selected via constraints that are based on a principle of sufficient perceptual contrast. In this theory the vowels of a given language are arranged in the acoustic vowel space so as to minimize the potential for perceptual confusion between the distinct vowel categories. Using computer programs to generate the optimal configurations for vowel systems of various sizes, this approach to vowel inventories has proved fairly successful (Liljencrants and Lindbiota, 1972 ; Lindblom, 1975 Lindblom, , 1986 Disnet, 1984) . However these investigations of DT focus exclusively on intercategory distance as the determiner of vowel system configuration in a universally defined acoustic vowel space. As a result, this approach fails to account for the observation that certain languages, such as Swedish with nine vowels and Danish with ten vowels, crowd their vowels into a small corner of the entire vowel space rather than dispersing them throughout the available space (Disnet, 1983) . In more recent developments, the dispersion principle has been expressed as a principle of sufficient, rather than maximal, contrast (Lindbiota, 1989 (Lindbiota, , 1990 ). Furthermore the theory has been extended to account for within-speaker variation. For example, Moon and Lindblom, 1989) show that under circumstances that require clear speech, a speaker's vowel space will be expanded relative to his or her casual speech vowel space.
In a study that addresses the prediction of DT that vowels will be maximally dispersed in the acoustic space, Jongman et al. (1989) compared the relatively crowded vowel spaces of English (with 11 monophthongs) and German (with 14 monophthongs) with the relatively uncrowded vowel space of Greek (with just 5 monophthongs). These authors found that the crowded vowel spaces of English and German are expanded relative to the uncrowded vowel space of Greek. 1 Jongman et al. plotted the vowels of these languages in the auditory-perceptual space proposed by Miller (1989) . This representation scheme is designed to normalize the data poi.nts for both inter-and intraspeaker differences by representing speech sounds in terms of log ratios of the fundamental frequency and the first three formants. The results of this study support the hypothesis that the acoustic realization of vowel categories is dependent on inventory size and suggest that some version of the dispersion principle does indeed hold true across languages: the larger the inventory, the more "expanded" the acoustic vowel space.
The quantal theory of speech (QTS) (Stevens, 1972 (Stevens, , 1989 suggests an alternative approach to vowel systems. This theory is based on the observation that for certain parameters of the articulatory domain, there is a nonmonotonic relation between variation in the articulatory configuration and its acoustic consequences. Similarly, certain changes in the acoustic signal over some part of the range of a particular parameter are nonmonotonically related to the corresponding auditory response of the listener. In other words, according to this theory, there are certain regions of stability in the phonetic space. In particular, it is claimed that there are stable regions corresponding to the point vowels/i/,/a/, and/u/. Thus this theory predicts that the point vowels should be in approximately the same locations across all languages, regardless of vowel inventory size. Furthermore, QTS predicts that, since the point vowels are in phonetically stable regions, they should show less within-category variability than nonpoint vowels.
Evidence that certain changes in the articulatory domain are nonmonotonically related to their acoustic consequences comes from the observation that there are acoustic properties which are relatively insensitive to arficulatory perturbation.
For example, in the case of nonlow front vowels which have a fronted tongue body, the locations in the frequency spectrum of the second, third, and fourth prominences are relatively insensitive to perturbation in the tongue-body position along the anterior-posterior dimension (Stevens, 1989) . For this range, F2 is at a maximum and is within a few hundred hertz of F3. In contrast, the frequency of F1 varies monotonically with the size and position of the articulatory constriction. This result is presented by Stevens as evidence of a stable region in this corner of the vowel space, which corresponds to the point vowel/i/. Furthermore, in an articulatory study of/i,a,u/ in General American English, Perkell and Cohen (1989) find that for each of these vowels there is both an articulation-to-acoustic saturation effect, and a muscle contraction-to-displacement saturation effect. In other words, these authors find that over a range of changes in the articulation of these vowels, the acoustic output is relatively stable.
DT and QTS both propose general universal principles to account for the observed cross-linguistic tendencies regarding vowel inventory size and structure. In contrast to these approaches, the notion of a language-specific base-ofarticulation is presented as an account for the observation that similar sounds across two languages can differ due to a consistent, language-specific adjustment of the articulators. This notion has been a part of the traditional phonetic literature over the ages: Disnet (1983) cites its origin as the work of John Wallis in 1653 (set: Kemp, 1972 ). However, within the tradition of generarive phonology, the idea of a languagespecific articulatory setting has often been considered outside of the area of interest of theoretical linguistics. For example, in The Sound Pattern of English, Chomsky and Halle (1968) consider this aspect of speech as extragrammatical, and thus as part of the performance aspect of language, rather than part of the grammatically determined competence aspect.
Nevertheless, several investigators have pointed to the importance of the notion of a base-of-articulation for providing insightful analyses of both phonological and phonetic observations. In studies that have tested the predictions of DT and QTS, phonetic differences between similar segments of different languages have often been observed. For example, Lindau and Wood (1977) investigate the vowels of three related Nigerian languages, Yoruba, Edo, and Ghotuo, all of which have phonemically equivalent seven-vowel systems, and find that the vowel spaces of Edo and Ghotuo are very similar. Holyever, contrary to the prediction of the dispersion principle, the vowel space of Yoruba deviates from the structure of the other two seven-vowel systems and is not maximally dispersed. Similarly, Disnet (1983) finds that the seven-vowel systems of Yoruba and Italian differ from each other in their locations of the seven vowels in the acoustic space. Disnet documents additional cases of systematic differences across the vowels of several Germanic languages; for example, she finds that the vowels of Danish are systematically articulated with a higher tongue position, as it is reflected by F1, than the vowels of English. Disnet claims that these data demonstrate the role of a language-specific base-of-articulation property in the phonetic realization of vowel phonemes. In particular, this type of language-specific effect is seen in across-the-board shifts of the vowels of one language relative to similar vowels in another language.
In light of the theoretical claims and experimental evidence discussed above, the Fresent study was undertaken as a direct means of assessing the contributions of languagespecific and general univers:d principles in the acoustic realization of vowel categories across languages with relatively large versus small vowel inventories. English and Spanish were chosen for this study because of the large difference between the sizes of their vowel inventories: English has more than double the number of stressed monophthongal vowels than Spanish. Additionally, the five-vowel system of Spanish is statistically very common, whereas the 11-vowel system of English is uncommonly large (Maddieson, 1984) . Furthermore, the vowel systems of these two languages are similar in that they vary along the same dimensions (neither language has contrasfive rounding, length, or nasalization).
Consequently, the principal difference between these vowel systems is in the number of vowels. Thus this EnglishSpanish comparison represents a comparison of an unusually large vowel inventory with a smaller cross-linguistically common vowel inventory. T•e expectation is that this difference between the two vowel inventories will highlight both the differences and similarities attributable to languagespecific and/or universal aspects of vowel production.
In this comparison, vowel formant measurements from each of the two languages are evaluated in terms of the pre- (26) 1238 ( times diphthongized, the formant measurements were taken from the portion of the vowel before the offglide. The auditory quality of this portion of the vowel was assessed, in order to insure that the formant measurements being recorded were those appropriate for/e/or/o/rather than fi•r the /j/ or /w/ offglides. The fundamental frequency was found by taking the inverse of the mean of three peak-to-peak durations from the central portion of the target vowel waveform.
IlL RESULTS Table I gives the mean F1 and F2 values with standard deviations for the data from the four male Spanish speakers (Spanish CVCV) and from the four male English speakers (English CVC). 2 In this table, and in all subsequent analyses of these data, the standard deviations represent the variance of the means of the five tokens for each of the four speakers for each language. The measurements of the five tokens within each subject are treated as repeated measures and therefore averaged for the purposes of the cross-language comparisons.
The following subsections discuss these results and their bearing on the approaches to vowel inventories discussed in 
A. Base of articulation
The first issue addressed by this acoustic study concerns the general placement of the English and Spanish vowels in the acoustic vowel space. In this regard we might expect both a language-specific effect, which will cause similar vowel categories across two languages to differ in a systematic way due to a consistent language-specific adjustment of the articulators, as well as a general expansion effect for languages with crowded inventories relative to languages with uncrowded inventories. These two possible effects on vowel location would necessarily interact with each other; thus it is important to examine each individually in order to assess the extent of the two separate effects. In this section, then, the focus is on assessing the presence (and extent) of any language-specific base-of-articulation effect, which may result in a general shift in some direction of all the vowels of one language relative to the equivalent vowels of the other language.
A comparison of the locations of the common vowels across English and Spanish, namely/i/,/e/,/o/, and/u/, indicates a general upward shift in the F2 dimension of the English vowels relative to the Spanish vowels (see Fig. 1 The effect of this difference in F2 between the English and Spanish vowels is that the English front vowels, namely /i/and/e/, are located more peripherally in the acoustic space than the Spanish front vowels. This effect on the front vowels would thus seem to concur with the result we might expect from an expansion effect. However, we also find that the English back vowels, namely/u/and/ol, are raised in the F2 dimension relative to the Spanish back vowels, resulting in a more central location for the English back vowels. This result for the back vowels is in contradiction to the result we might expect from an expansion effect, since such an effect should result in English back. vowels with lower F2 frequencies than their Spanish counterparts. This consistent upward shift in the F2 dimension of the English vowels relative to the Spanish vowels is in accordance with the result we would expect from a language-specific base-of-articulation effect. Specifically, this result suggests that the vowels of English are articulated with a fronted tongue position relative to the tongue position for the Spanish vowels. 
B. English CVCV tokens
Recall that the English vowel tokens all occurred in monosyllabic words whereas the Spanish tokens all occurred in disyllabic words. It is thus possible that the consistent shift in F2 of the English vowels relative to the Spanish vowels is due to a more general effect, such as the syllabic structure of the test words, rather than due to a language-specific baseof-articulation property. For instance, it is possible that the tautosyllabic coronal, with it.,; characteristically high F2 1o-cos, in the English test wonts raised the F2 of the target vowel, especially in the case of the back vowels which are generally characterized by low second formants. Therefore in order to assess the effect of word structure, a new set of English recordings was made using disyllabic nonwords that matched the syllabic structure, as well as the segmental structure, of the Spanish test words. This new set of data thus allowed for a direct comparison of the tokens with the same syllabic structure as produced by speakers of the two languages.
Three of the four male speakers of General American
English from the first experiment produced disyllabic nonword versions of the tokens used in the original data set.
These test tokens were embedded in the same frame sentence as used in the first experiment, and the speakers read each sentence five times in random order. The speakers read these sentences from a list that was constructed as follows: the word from the original list that contained the target vowel appeared on one line, and the frame sentence with the target nonword appeared on the following line. In order to reinforce the disyllabicity of the test tokens, and to avoid the production of a flap for the roedial/if, the target nonword was typed with a period separating the two syllables (e.g., bea. ta), and the speakers were instructed that the period indicated a syllable boundary and to avoid producing a flap for the intervocalic/if. This procedure was effective in eliciting tokens that matched their Spanish counterparts at both the segmental and intonational levels.
This set of data was collected and analyzed identically to the original set of English data. The mean F1 and F2 values and standard deviations for these English disyllabic tokens are given in Table I The general result of this comparison of the Greek and Spanish vowels is that these two phonemically equivalent vowel systems show a systematic difference regarding the acoustic realization of the shared vowel categories: the vowels of Spanish are generally higher in F2, and lower in F1 than the corresponding vowels of Greek. Thus we can conclude that a language-specific, base-of-articulation property plays an important role in determining the location of vowel categories in the acoustic space, and that this property functions independently of the general size and structure of the vowel inventory. In particular, the present data indicate that the phonemically equivalent vowels of English, Greek, and Spanish all differ systematically with respect to one another in the F2 dimension. In the case of each of the four vowels common to Greek, Spanish, and English, the English vowel is higher in F2 than the Spanish vowel, which is in turn higher in F2 than the Greek vowel. These observations thus suggest that, with respect to these three languages, the gen- 
D. Expansion of the acoustic vowel space
I now turn to a comparison of the range, or area in the acoustic vowel space, covered by the vowel categories of English and Spanish. Based on the dispersion principle, we expect that the relative crowdedhess of the English vowel inventory will cause an expansion of the English acoustic vowel space relative to the Spanish acoustic vowel space. In the comparison of the locations of the English and Spanish vowels in the acoustic space we saw that the English vowels are systematically shifted upward in the F2 dimension relative to the Spanish vowels. However, this difference between the two languages regarding their bases-of-articulation does not preclude an expansion effect. In other words, it is possible that the English vowels are both higher in F2 and cover a greater area than the Spanish vowels.
In order to compare the general range of the English and Spanish vowels, the area covered by the quadrilaterals defined by the mean F1 and F2 values of the four common vowels was calculated (Table II) The present data also p•ovide a means for testing theoretical predictions regarding differences in clustering between categories within each language. Specifically, according to QTS (Stevens, 1972 (Stevens, , 1989 Table IV. The results of these comparisons indicate that the tightness of within-category clustering does not vary significantly as a function of the number of phonological categories. The F1 and F2 coefficients of variation do not differ significantly across the English CVC data and the Spanish CVCV data, nor do they differ within English across syllabic contexts. Furthermore, we find r o difference between the point vowels and nonpoint vowels with regard to within-category variation. Thus these data indicate that the tightness of within-category clustering is not dependent on the size of the vowel inventory. This finding is consistent with other cross-language comparisons of acoustic vowel spaces (e.g., Disnet, 1983) , which find that the vowels of one language may differ in a systematic way from similar vowels of another language. This cross-linguistic difference has been accounted for by the notion of a language-specific base-of-articulation property, which is an important aspect of the description of the sound system of a language, and serves, in part, to differentiate systematically the general phonetic quality of two languages that may share certain phonemic categories. In other words, vowel categories that have the same phonological feature specifications and that occupy similar positions in the acoustic space across two different languages may have different precise phonetic realizations due to different bases-ofarticulation of each language.
As a possible source of this language-specific base-ofarticulation property, Honikman (1964) An implication for theories of vowel inventories of the observed F2 difference between English and Spanish vowels is that, in order to assess the effect of universal factors on the acoustic realization of vowels, such a language-specific property must be taken into account. Accordingly, this finding contradicts the predictions of theories of vowel inventories that propose consistent locations in the acoustic space for similar phonemic vowel categories across different languages. For example, in assessing the conformity of acoustic data to the predictions of DT, the absolute location of vowel categories may not be an effective measure of dispersion; rather, factors such as the area covered by the vowels, or the relative arrangement of the vowels in the acoustic space, may provide more accurate measures of dispersion.
B. Dispersion theory (DT)
The guiding principle behind DT is that vowels will tend to be maximally, or sufficiently, dispersed in the acoustic space in order to minimize the potential for perceptual confusion between separate vowel categories. Within this theory it usually been assumed that the boundaries of the available acoustic space are defined universally and that the distance between the separate vowel category locations is a measure of overall dispersion (e.g., Liljencrants and Lindblom, 1972; Lindblom, 1975 Lindblom, , 1986 . However, as demonstrated by the present data and other cross-linguistic acoustic studies (e.g., Lindan and Wood, 1977; Disnet, 1983) , the boundaries of the acoustic vowel space are more accurately defined on'a language-specific basis.
With regard to the general principle of DT, the results of the present study provide some indication of a positive correlation between inventory size and area covered in the vowel space; however, this correlation is variable depending on the syllable context of the English vowels. 
